ABSTRACT: Plant-derived Type I toxins are candidate anticancer therapeutics requiring cytosolic delivery into tumor cells. We tested a concept for two-stage delivery, whereby tumor cells precoated with an antibody-targeted gelonin toxin were killed by exposure to endosome-disrupting polymer nanoparticles. Co-internalization of particles and tumor cell-bound gelonin led to cytosolic delivery and >50-fold enhancement of toxin efficacy. This approach allows the extreme potency of gelonin to be focused on tumors with significantly reduced potential for off-target toxicity.
■ INTRODUCTION
Recent progress in genomics and proteomics has increased our understanding of the molecular basis of many diseases and generated therapeutics based on biomolecules such as peptides, proteins, and nucleic acids that have the potential to fundamentally alter the prognosis of diverse conditions. 1−5 However, compared to conventional small molecule-based drugs that readily diffuse through the cell membrane, such macromolecular drugs often present substantial delivery challenges, stemming from their relative inability to access molecular targets within cells. 6−8 Although cells can internalize polar/high molecular weight molecules via endocytic pathways, this typically results in entrapment within endolysosomal compartments, which leads to fusion with lysosomes and degradation of the endosomal contents without release of significant material to the cytosol. Thus, the endosomal/ lysosomal membrane is a barrier to entry into the intracellular space that must be overcome for therapeutics whose function is contingent upon interaction with the cytosolic cellular machinery.
A prominent example of macromolecular drugs requiring cytosolic access for activity are bacterial-and plant-derived toxinsenzymes that carry out lethal biochemistry within the cell and exhibit dramatic potency. 9−12 A few molecules of such toxins in the cytosol are sufficient to kill a cell, 5, 10, 11 and this high lethality has made these molecules candidate anticancer therapeutics. However, by themselves, type I toxins such as gelonin lacking any cell-binding or cytoplasmic delivery domains are limited by their inability to cross the plasma membrane at therapeutically useful levels. 13 To facilitate cellular uptake as well as tumor-specific killing, these toxins have been widely explored in the form of immunotoxins, where a targeting moiety specific for a cancer cell (derived from antibodies or other cell-binding proteins) is either chemically conjugated or genetically fused to the highly cytotoxic peptide or protein toxin. 14, 15 Nonetheless, the efficacy of such constructs is still dependent on the ability of the toxins to reach their cytoplasmic targets, which remains a significant bottleneck. 16, 17 This has fueled the need for the development of appropriately designed cytosolic delivery strategies for these agents.
To date, various synthetic vectors have been investigated for facilitating cytosolic delivery of toxin therapeutics. 12,13,16−19 Many chaperone molecules that efficiently aid transport of macromolecules into the cytosol are formulated with drug cargos by physical complexation or chemical conjugation of the chaperone and drug. In the case of gelonin, a variety of cytosolic delivery strategies have been tested including conjugation to folate, antibodies, peptides, proteins, or polymers, as well as entrapment in liposomes or polymers designed to deliver the toxin to the cytosol of cancer cells. 1−3,6,8,17,20−31 However, the versatility of these existing systems is limited in that the conjugation of the toxin to its chaperone is usually necessary for efficient transduction into cells, 17, 24, 26, 30 the potency of the toxin molecule can be affected by the conjugation, and subsequent release from the chaperone may be required for the toxin to exert its effect. 26, 32 One strategy to overcome some of these issues is to conjugate toxins to a polymeric backbone carrier via bonds that are selectively cleaved in endolysosomal compartments, so that the immunotoxin drug is released on reaching the target cell. 33 However, a major challenge of all of these toxin conjugate systems remains off-target toxicity, since even low levels of offtarget uptake of toxin together with its cytosolic delivery agent lead to cell death and healthy tissue damage.
Underlying each of these approaches is the assumption that successful therapeutic action requires physical association of the toxin and cytosolic entry agent. Here we explore an alternative strategy for temporally staggered, staged delivery of a tumortargeted toxin and a cytosolic delivery chaperone, which we hypothesize has the potential to achieve effective toxin delivery at a target tumor site while greatly lowering off-target toxicity to nontumor tissue. The proposed two-step approach is outlined in Figure 1 : In the first stage, a tumor-targeted (but noncellpermeable) toxin is administered at low doses and allowed time to accumulate on target cells. Antibody-targeted therapeutics are known to provide imperfect tumor targeting, and show uptake in liver and spleen via Fc-mediated binding to phagocytes. 34 However, off-target nonspecific cytoplasmic uptake of the toxin at this stage is minimized by the lack of cytosolic translocation for the targeted toxin on its own. Once the targeted compound has bound to tumor cells but cleared from the systemic circulation and nontarget sites, a chaperoning agent (here, an endosome-disrupting nanoparticle (NP)) is administered as the second stage. Uptake of NPs by toxincoated tumor cells leads to coendocytic uptake of particles with cell-bound toxin; the particles trigger endosome disruption and release of the toxin for tumor cell killing. Off-target uptake of NPs in the second stage (e.g., in reticuloendothelial system (RES) organs) does not lead to toxicity if the toxin has already been cleared from the extracellular space in these organs. This approach is inspired by pretargeted radioimmunotherapy (PTRIT), where delivery of highly toxic small-molecule radionuclides to tumors is facilitated by administration of a tumor-targeting agent (a bispecific tumor binding/radionuclidebinding antibody) in a first step, followed in a second stage by infusion of a rapidly disseminating small-molecule radionuclide. PTRIT allows the relatively slow tumor uptake/targeting kinetics of the capture bispecific antibody to be temporally separated from the rapid penetration of small-molecule radionuclides throughout the body. Here, instead of temporally staging a capture agent and toxin, we stage delivery of a toxin and a required toxin-activating agent.
We report here in vitro analysis of this concept using soluble or tumor-targeted toxins combined with biodegradable endosome-disrupting nanoparticles as a chaperone agent. For the chaperone particles, we employed pH-responsive lipidenveloped poly(β-amino ester) (PBAE) nanoparticles we recently described that swell in response to acidic pH. These NPs disrupt endolysosomes and were previously shown to deliver functional mRNA into dendritic cells in vitro and in vivo. 35 We hypothesized that they would be particularly interesting to test as chaperone agents for delivery of toxins to tumor cells, since recent studies suggest that the elevated metabolic activity of cancer cells makes them dependent on highly active endosome pathways via a process known as autophagy. 36−38 This finding has led to the suggestion that pharmacologic disruption of endosomes/lysosomes may be a useful cytotoxic strategy selective for tumors. 39, 40 To this end, we examined in detail the efficiency and limitations of cytosolic drug delivery when a macromolecular cargo of interest (e.g., toxin) is not explicitly bound to the endosome disrupting agent (the NPs). We found that drug macromolecules in solution (but not bound to the target cell) can be coendocytosed when present in medium together with endosome-disrupting particles, but this process is surprisingly only efficient for cargos of relatively low hydrodynamic radius (<approximately 2−3 nm). In contrast, binding of a (toxin) cargo to the surface of the target cell facilitates efficient coendocytosis with endosome-rupturing NPs added in a second step. NP-mediated delivery of cell-bound toxin into the cytosol enhanced the potency of the type I plant toxin gelonin by more than 50-fold. Altogether, our data suggests that staged delivery of tumortargeted therapeutics may provide an effective strategy to enhance the potency of toxin therapeutics while improving their safety profile.
■ EXPERIMENTAL SECTION
Materials. The PBAE poly-1 with a number average molecular weight of ∼10 kDa was synthesized as previously reported. 41 The lipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-3-trimethylammonium-propane (chloride salt) (DOTAP), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy-(poly ethylene glycol)-2000] (ammonium salt) (DSPE-PEG), and 1,2-dioleoyl-snglycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) (DOPE-rhodamine) were purchased from Avanti Polar Lipids (Alabaster, AL). Calcein was purchased from Sigma Chemical Co. (St. Louis, MO). Fluorescent dextrans (tetramethylrhodamine-labeled 3, 10, 40, or 70 KDa anionic or neutral), unlabeled Phalloidin, and Phalloidin Alexa 488 conjugate were purchased from Invitrogen (Eugene, OR). WST-1 reagent was purchased from Roche Applied Science (Indianapolis, IN). All materials were used as received unless otherwise noted.
Synthesis and Characterization of Lipid-Coated PBAE Nanoparticles. Lipid-coated nanoparticles with a poly-1 core were synthesized via a solvent diffusion/nanoprecipitation strategy as previously reported. 35 Briefly, 40 mg of poly-1 (10 KDa, synthesized as previously reported 41 ) and 2 mg of the phospholipids DOPC and DOTAP (Avanti Polar Lipids, Alabaster, AL) in a 3.5:1 molar ratio were codissolved in 4 mL of ethanol and added dropwise to 40 mL of distilled, deionized water, followed by gentle stirring for 5 h to evaporate ethanol. To enable tracking of the particles by fluorescence microscopy, 1 mol % of DOPE-rhodamine was included with the lipids in some experiments. DSPE-PEG was introduced into the lipid coating via a postinsertion process whereby DSPE-PEG lipid was added at 1 mM to 0.5 mg/mL particles in distilled, deionized water, and the suspension was stirred for 16 h at 25°C followed by washing. The particles were collected and washed once via centrifugation, resuspended in fresh water, and stored at 4°C until use.
A fraction of each particle batch was dried in a vacuum oven to determine the particle concentration (mg/mL) by measuring the dry mass. Dynamic light scattering (DLS) and zeta potential measurements were used to determine the particle size and surface charge using a ZetaPALS dynamic light scattering detector (Brookhaven Instruments).
Synthesis of Targeted Gelonins. The immunotoxins E4rGel and C7rGel, fusion proteins based on the plant-derived toxin gelonin linked to an engineered fibronectin domain targeting the epidermal growth factor receptor (EGFR) or carcinoembryonic antigen (CEA), respectively, were constructed and produced according to previous literature. 29 Briefly, pMal-c2x expression plasmids containing the genes encoding the recombinant form of the gelonin toxin and an engineered fibronectin fragment (based on the tenth human fibronectin type III domain (Fn3)) binding EGFR or CEA were constructed and expressed in Rosetta-gami (DE3) B Escherichia coli cells. The maltose binding protein (MBP)−immunotoxin fusion proteins were subsequently extracted and purified via amylose affinity chromatography. MBP was removed from the immunotoxins by Factor Xa digestion followed by anion-exchange chromatography.
Cell Culture. A20 murine lymphoma, B16F10 murine melanoma, A431 human epidermoid carcinoma, and MC38 murine colon carcinoma cells were cultured and passaged in Dulbecco's modified Eagle medium (DMEM) complete medium (10% fetal bovine serum (FBS), 4 mM L-glutamine, 4500 mg/mL glucose, sodium pyruvate, and penicillin/streptomycin). MC38(CEA) cells were maintained under antibiotic selection pressure from Geneticin (0.5 mg/mL).
Analysis of Endosomal Disruption and Cytosolic Uptake by Confocal Microscopy. Tumor cells were plated at 1.2 × 10 5 cells/ well in Lab-Tek chambers (Nunc) for 18h, and then calcein (150 μg/ mL, 0.24 mM) was added to the cells with or without 75 μg/mL of lipid-coated PBAE nanoparticles in DMEM complete medium (10% FBS, 4 mM L-glutamine, 4500 mg/mL glucose, sodium pyruvate, and penicillin/streptomycin) for 1 h at 37°C. After washing with medium to remove extracellular calcein/particles, the cells were imaged live under a confocal microscope (Zeiss LSM 510) at 63×.
To study the effects of molecular weight and charge of cargo molecules on cytosolic uptake by cells, B16F10 cells were incubated with labeled dextran (150 μg/mL) with and without nanoparticle (75 μg/mL) for 1 h at 37°C before washing to remove excess molecules and particles and imaging under a confocal microscope. To quantitatively compare the levels of uptake, the background-subtracted mean fluorescence from replicate fields of view at identical cell densities for each dextran was computed as a measure of total uptake.
Analysis of Binding of Cargo to Nanoparticles. To determine the binding of dextran to nanoparticles, dextran (150 μg/mL) was incubated with particles (75 μg/mL) in DMEM containing 10% FBS for 18 h at 37°C similar to the conditions used during cell treatment. Following adsorption, particles were washed once before resuspending in a digestion buffer (100 mM sodium acetate, 2% triton X-100) to dissolve the particles and disrupt any lipid−dextran complexes. The amount of dextran bound on the particles was then determined by measuring the fluorescence of the resultant solution.
Staining of Actin Cytoskeleton by Phalloidin and Cytotoxicity Assay. B16F10 cells were plated as before, and 18 h later, phalloidin (10−25 μM, 5 mol % alexa 488 conjugated) was added to the cells with or without 75 μg/mL of lipid-coated PBAE nanoparticles in DMEM complete medium (10% FBS, 4 mM L-glutamine, 4500 mg/ mL glucose, sodium pyruvate, and penicillin/streptomycin) for 3 h at 37°C. After washing with medium to remove extracellular phalloidin/ particles, the cells were imaged live by confocal microscopy.
To assess cytoxicity, B16F10 cells were plated at 6 × 10 5 cells/well in 12-well plates 18 h prior to experiments. B16F10 cells were then treated with 0, 4, 10, or 25 μM phalloidin alone or with 50 or 75 μg/ mL particles in DMEM complete medium for 24 h. After washing with medium to remove extracellular toxin and particles, the cells were detached with Trypsin/ethylenediaminetetraacetic acid (EDTA) and stained with 4',6-diamidino-2-phenylindole (DAPI). The percentage of live cells was quantified via flow cytometry (BD LSR II) by counting cells that were negative for DAPI.
Cytotoxicity Assay and Analysis via Combination Index. For the immunotoxin E4rGel, A431 cells, positive for EGFR, were seeded on 96-well plates at 2500 cells/well. Cells were allowed to adhere overnight, after which fresh growth medium (DMEM supplemented with 10% FBS, 4 mM L-glutamine, 4500 mg/mL glucose and sodium pyruvate) containing varying concentrations of immunotoxin and/or particles was added to triplicate wells. Toxins and/or particles were incubated with the cells for up to 24 h before the treatment-containing medium was removed and replaced with fresh medium. At 72 h, medium was replaced with fresh medium containing the WST-1 reagent according to manufacturer's recommendation. The assay was allowed to develop for 1−3 h under normal culture conditions, after which plates were measured for absorbance at 450 nm. Untreated cells and cells lysed with a 1% Triton X-100 solution were used as positive and negative controls, respectively. Measurements were compared with the baseline and normalized to control treatments, triplicates were averaged, and standard errors were calculated. Cytotoxicity measurements were conducted at E4rGel concentrations between 3 × 10 −9 and 3 × 10 −8 M and particle concentrations between 12.5 and 37.5 μg/mL (particle concentration was reduced accordingly due to the lowered cell density when particle treatment was initiated compared to the earlier assay setups with a shorter time period before readout).
For the immunotoxin C7rGel, MC38 cells, positive or negative for CEA expression, were seeded on 96-well plates at 1000 cells/well. Cells were allowed to adhere overnight, after which fresh growth medium (DMEM supplemented with 10% FBS, 4 mM L-glutamine, 4500 mg/mL glucose and sodium pyruvate, 0.5 mg/mL Geneticin for MC38(CEA) only) containing 1nM immunotoxin (toxin concentration was reduced accordingly due to lower IC 50 of C7rGel ∼8 nM relative to E4rGel ∼30 nM) was added to triplicate wells. Toxins were incubated with the cells for 3 h, following which the toxin-containing media was removed and the cells were washed with fresh medium before adding titrated doses of PBAE NPs (6.25−25 μg/mL, particle concentration was reduced accordingly due to the lower seeding cell density for the faster growing MC38 cells) that were further incubated with cells for 24 h. The resultant metabolic activity was measured at 72 h as before.
To better assess the enhancement in tumor cell killing by codelivering particles as chaperones for soluble toxin, we analyzed the cytotoxicity data via a combination index that has been previously applied for comparing the efficacy associated with combination therapy (in this case, toxin and particle cotreatment) relative to monotherapy (toxin or particle treatment alone). 42 ■ RESULTS AND DISCUSSION Synthesis of Lipid-Coated PBAE NPs. To achieve cytosolic delivery, we utilized a biodegradable pH-responsive core−shell nanoparticle system we recently developed, composed of a hydrolytically degradable PBAE encased within a biocompatible phospholipid shell (Figure 2) . 35 The PBAE core, composed of the PBAE known as poly-1, 41,43 is a weak polyelectrolyte that is water insoluble at elevated pH but ionizes and swells in aqueous solutions below pH ∼7 due to the presence of tertiary amine groups in the backbone. This selective ionization/swelling has been exploited to promote cytosolic delivery of drug cargos following uptake by cells, 35, 44 which may occur via a "proton sponge effect" and/or dissolution-induced osmotic pressure. 45−47 Here, the core− shell particle structure enables the physical and compositional segregation of particle functions into an endosome-disrupting pH-responsive core and a shell whose composition could be separately tuned to facilitate particle targeting, cell binding, and/or drug binding. The lipid-coated PBAE particles were prepared via a solvent diffusion/nanoprecipitation strategy as previously described. 35 The lipid coating was composed of the phospholipids DOPC and DOTAP in a 3.5:1 molar ratio. To enable tracking of the particles by fluorescence microscopy, 1 mol % of DOPE-rhodamine was included with the lipids in some experiments. DSPE-PEG was introduced into the lipid coating via a postinsertion process, to enhance the colloidal stability of the particles (Figure 2 ). The resulting particles were 230 ± 40 in diameter as determined by dynamic light scattering with a net positive charge as indicated by their zeta potential of 42 ± 8 mV in deionized water.
Endosomal Disruption and Cytosolic Delivery in Tumor Cells. In our previous studies with PBAE particles for vaccine delivery, we worked exclusively with dendritic cells, and showed that lipid-enveloped PBAE particles were able to disrupt endosomes and transfect these cells using mRNA while maintaining low toxicity. 35 This result is consistent with several prior studies assessing the viability/metabolic rate of various nontumor cell lines exposed to poly-1 and related PBAE particles, where low toxicity has made these materials of great interest as gene and drug delivery agents. 48−50 For application in cancer therapy, we first tested whether these particles also mediate endosome disruption in tumor cells. Calcein, a membrane-impermeable fluorophore, was used as a tracer to monitor the stability of endosomes 35 ,51,52 following particle uptake in two different murine tumor cell lines. A20 lymphoma and B16F10 melanoma cells (1.2 × 10 5 cells/well) were plated in Lab-Tek chambers for 18 h, and then calcein was added to the cells (150 μg/mL, 0.24 mM) with or without 75 μg/mL of PBAE particles in complete medium (DMEM with 10% FBS) for 1 h at 37°C. After washing with medium to remove extracellular calcein/particles, the cells were imaged live via confocal microscopy. As shown in Figure 3A , B16F10 cells incubated with calcein alone showed a punctate distribution of fluorescence indicative of endolysosomal compartmentalization of internalized dye. In contrast, cells coincubated with calcein and lipid-enveloped PBAE nanoparticles exhibited calcein fluorescence throughout the cytosol and nucleus, consistent with escape of calcein from intracellular vesicles following cointernalization of extracellular fluid containing both dye and particles ( Figure 3B,C) . Similar results were observed in A20 lymphoma cells ( Figure S1 ). Previously, we showed that such cytosolic delivery patterns require incubation of PBAE particles and calcein with cells at 37°C; incubation at 4°C blocked dye delivery, demonstrating that cytosolic delivery of calcein by these particles is mediated by endosomal uptake followed by endosome disruption and not permeabilization of the plasma membrane. 35 The increase in total internalized calcein fluorescence in cells incubated with particles and calcein versus the dye alone has been observed in multiple systems and is attributable in part to fluorescence dequenching as calcein is diluted when the concentrated dye in endosomes is released to the cytosol/nucleus, and also to an increase in the total amount of extracellular fluid internalized by cells during uptake of NPs.
35,53−56 Thus, lipid-enveloped PBAE particles are effectively internalized and disrupt endosomes in tumor cells, similar to our prior findings with immune cells.
Effect of Molecular Weight and Charge on Cytosolic Delivery of Dextran.
The calcein experiments clearly demonstrate that cells exposed to a membrane-impermeable small molecule compound (calcein molecular weight (MW) 622 Da) and PBAE NPs can efficiently coendocytose the two, leading to release of the small molecule into the cytosol. We next tested whether polar macromolecular cargos could also be delivered to the cytosol of cells by couptake with PBAE NPs from the extracellular environment, and whether the hydrodynamic size of the cargo would influence the result. To probe this, we incubated B16F10 tumor cells for 1 h at 37°C with fluorescent dextran conjugates (150 μg/mL) with molecular weights ranging from 3 KDa to 70 KDa in the absence or presence of particles (75 μg/mL), and qualitatively compared the resultant cytosolic uptake by confocal microscopy. The influence of the overall charge of cargo molecules on cytoplasmic uptake was also examined by comparing anionic and neutral dextran conjugates. As shown in Figures 4A,B , dextrans alone were endocytosed at very low levels by B16F10 cells, except for 3 KDa anionic dextran. However, cells coincubated with particles and 3 KDa dextran (both neutral and anionic) displayed enhanced uptake of the polysaccharide in the presence of NPs, coincident with release of the dextran from endosomes, which led to its predominant accumulation in the cytosol. A similar enhancement in polysaccharide uptake was seen when 10 KDa dextrans were incubated with cells in the presence of PBAE NPs. Neutral 10 KDa dextran released from endosomes by the NPs accumulated in the cytosol similarly to the lower MW polysaccharide, but anionic 10 KDa dextran internalized with NPs remained more punctate in cells, which could reflect binding to the cationic NPs ( Figure 4C ) or incomplete escape of these charged dextrans from endosomes. (We hypothesize that poly-1 nanoparticles transiently swell in response to endosome acidification, rupture the membrane, and then immediately return to the deswollen state in the neutral pH of the cytosol. In this way, they might remain associated with electrostatically adsorbed dextran during/after endosome disruption.) Notably, at 40 KDa, neither cytosolic delivery nor enhanced uptake of soluble dextran upon particle cotreatment was detected, even with extended overnight incubation. Identical results were observed for a 70 KDa dextran ( Figure  S2 ). Although significant binding of dextran to NPs was observed for 10 KDa anionic dextran coincubated with particles in conditions mimicking the cell uptake experiments, relatively low levels of binding to particles were detected for 3 KDa and 40 KDa anionic dextran ( Figure 4C ). Furthermore, neutral dextrans of the same molecular weight showed minimal binding to particles but were still effectively chaperoned by particles into cytosol, suggesting that binding to particles is not necessary for the observed particle-mediated cytosolic delivery. On the basis of the hydrodynamic sizes of these polysaccharides, the complete lack of uptake of larger MW dextrans suggests that chaperoning of soluble macromolecular cargos to the cytosol by PBAE NPs will only be efficient for cargos with hydrodynamic radii of approximately 2−3 nm or less. This result is consistent with prior findings of our group and others of particle internalization in cells imaged by transmission electron microscopy, where the cell membrane is observed tightly apposed to the surface of nanoparticles during endocytosis, leaving a gap of only a few nanometers. 52, 57, 58 As such, we hypothesize that cargos with hydrodynamic diameters exceeding this gap size will be effectively excluded from coendocytic uptake and thereby be poorly chaperoned into cells by PBAE particles.
Cytosolic Delivery of Phalloidin as a Cytotoxin. On the basis of the data on dextran/NP coendocytosis, as a first cytotoxic agent for codelivery with NPs, we tested the low molecular weight toxin phalloidin (788 Da), since it is well within the range of molecular sizes where our couptake studies suggested cytosolic delivery should occur. Phalloidin is a cytotoxin isolated from the Death Cap mushroom Amanita phalloides; it is a polar, cell-impermeable, cyclic heptapeptide and binds tightly to actin filaments, preventing their depolymerization and thereby poisoning the cell.
59−61 When a sufficient amount of phalloidin is microinjected into the cytoplasm, cell proliferation is inhibited. 62 In a recent study, a pH-responsive cell-penetrating peptide conjugated to phalloidin was shown to facilitate its entry into the cytosol and inhibit the proliferation of cancer cells in a pH-dependent fashion. 63 The actin-binding properties of phalloidin have also made it a common tool for investigating the cytoskeletal organization in cells by labeling phalloidin with fluorescent analogues and using them to visualize actin filaments in microscopy. Incubation of B16F10 cells with Alexafluor-488-(5 mol %) conjugated phalloidin at 10 or 25 μM for 1 h led to negligible uptake of (Figure 5A,D) . In contrast, coincubation of phalloidin and PBAE NPs led to pronounced toxin uptake. Release of the toxin from endosomes by the NPs led to labeling of the cortical actin cytoskeleton ringing the edge of the membrane in the melanoma cells ( Figure 5B,C,E) . However, despite clear delivery into the B16 cells, when we measured the cytotoxicity of the NP + phalloidin treatment, no induction of synergistic tumor cell killing was observed ( Figure 5F ). This may reflect either the modest potency of phalloidin as a cytotoxin and/or resistance of melanoma cells to actin cytoskeletal poisons. However, these data do suggest that low-MW membrane-impermeable therapeutics can be chaperoned into tumors cells efficiently by coadministration with endosome-disrupting nanoparticles, without the requirement for encapsulation or specific binding to the particles to promote couptake. Such a strategy might be particularly useful for local therapy of cancer, where particles and toxin could be coadministered via intratumoral injection. 64−66 Synergistic Tumor Cell Killing by Codelivery of Immunotoxins with Nanoparticles. As phalloidin showed negligible potency in our hands, we looked for a more potent toxin to pair with our endosome-disrupting NPs. In addition, a limitation of mixing nontargeted toxin and free NPs is the potential for off-target toxicity if particles and toxin were administered systemically and coendocytosed at nontarget tissue sites. Thus, we sought to test a more potent and targeted toxin with NPs, to enable the staged delivery concept outlined in Figure 1 . To this end, we recently described E4rGel, a 40 KDa (estimated hydrodynamic diameter of ∼4−5 nm) immunotoxin comprised of a fusion of gelonin and a fibronectin type III binding domain engineered by directed evolution to exhibit 13 nM affinity for the EGFR. 29 The use of recombinant gelonin in tumor-targeted cytotoxic agents has been studied extensively, 67, 68 and EGFR is a well-established cancer-associated antigen commonly used as a target for designed immunotoxins. 9, 69 The resultant immunotoxin with engineered fibronectin fragments binding EGFR has an IC 50 of ∼30 nM when incubated with EGFR-expressing A431 human epidermoid carcinoma tumor cells for 72 h. 29 This is a significantly lower concentration relative to the μM concentration range reported for phalloidin to achieve antiproliferative effects in tumor cell lines, 63 reflecting the higher potency of targeted gelonin as a cytotoxic agent.
To test whether lipid-enveloped PBAE NPs would amplify the potency of E4rGel, we carried out a cross-titration assay incubating EGFR-expressing A431 tumor cells with the immunotoxin at a range of concentrations in the presence or absence of titrated doses of PBAE NPs for 24 h, and measured metabolic activity of the tumor cells after 72 h. As shown in Figure 6A , treatment with E4rGel alone at concentrations less than 30 nM resulted in modest levels of cytotoxicity, with cells showing more than 50% of the metabolic rates of untreated controls. This is in agreement with the known inefficiency of endosomal escape, which limits the ability of immunotoxin to reach intracellular targets on its own, as reported previously. 29 Similarly, endosome-disrupting PBAE NPs alone had easily detectable, though modest cytotoxic activity, killing ∼75% of the tumor cells following 24 h treatment with 37.5 μg/mL NPs, consistent the sensitivity of tumor cells to endosome disruption. 39, 40 However, the particles combined with immunotoxin were strikingly synergistic: Co-incubation of tumor cells with 3 nM E4rGel and ∼40 μg/mL NPs led to essentially complete killing of the tumor cells by 24 h (Figure 6A ). To quantify the amplification effect achieved by cotreated cells with the immunotoxin and NPs, we calculated the combination index, 42 a measure of the fold-increase in potency of the combined treatment compared to either treatment alone (see the Experimental section for details of the calculation). As shown in Figure 6B , codelivery of low concentrations of E4rGel and particles resulted in a 60-fold enhancement in potency for 10 nM immunotoxin + ∼40 μg/mL NPs following 24 h treatment. By contrast, when we tested Er4Gel combined with NPs on control B16F10 tumor cells that lack EGFR expression, we saw similar levels of modest tumor cell killing by the particles alone, but little if any enhancement in NP + toxin treatment groups ( Figure 6C,D) , suggesting that receptor targeting of the immunotoxin is important for optimal synergistic killing. This extremely high synergy in the combined treatment on EGFR-expressing A431 cells suggests that cytosolic delivery of the targeted toxin is efficient, thereby greatly amplifying the activity of the toxin and providing much greater tumor cell killing than expected from the effect of endosome disruption in the cancer cells alone.
To more cleanly test the importance of targeting toxin to a receptor and to determine whether immunotoxins and NPs could be applied in sequential steps mimicking pretargeted therapy, we next employed another gelonin-based immunotoxin C7rGel, with engineered fibronectin fragments targeting CEA. C7rGel was previously tested on a human fibrosarcoma cell line HT-1080 transfected with a plasmid for CEA expression, demonstrating 10 nM affinity for CEA and an IC 50 of ∼8 nM when incubated with CEA-expressing HT-1080 cells for 72 h. 29 C7rGel was used to target the murine colon carcinoma cell line MC38, which was either positive or negative for CEA expression. A staged-delivery approach was adopted for this experiment: antigen-expressing or control MC38 cells were first treated with 1 nM C7rGel for 3 h, following which the toxin-containing media was removed and the cells were washed with fresh medium before adding titrated doses of PBAE NPs that were further incubated with cells for 24 h. Metabolic activity of the treated cells was measured at 72 h and used to compute the combination index as before. As shown in Figure 6C ,D, codelivery of C7rGel and particles to antigenexpressing MC38 cells resulted in a 25-fold enhancement in potency relative to particle or immunotoxin monotherapy for 1 nM immunotoxin +12.5 μg/mL NPs following 24 h treatment, with complete killing of the cells observed for 25 μg/mL NP treatment. Although a modest level of synergy was detected for antigen-negative MC38 cells given the same treatment, the synergy observed for antigen-expressing cells was more than 5-fold higher for NP concentrations greater than 12.5 μg/mL (note that the combination index is infinity for C7rGel +25 μg/ mL NP due to the complete killing of the tumor cells). Notably, the NP concentrations where synergy is observed here in vitro are well within the range of particle concentrations that are achievable within tumors in vivo, given typical treatment doses of 20−30 mg/kg NPs that accumulate in tumors at 5− 10% of the injected dose, 70, 71 where a rough calculation of treating tumors ∼20 mm 2 in diameter gives concentrations of particles in excess of 100 μg/mL in the tumor microenvironment. Together, these data suggest that targeted toxin delivery maximizes the efficacy of subsequent NP treatment under conditions mimicking the staged delivery of tumor therapeutics in vivo.
■ CONCLUSIONS
In conclusion, we have demonstrated that endosome-disrupting lipid-enveloped PBAE particles are effective as synthetic chaperones to enhance the uptake and cytosolic access of soluble therapeutics, of utility for the delivery of membraneimpermeable toxins for tumor therapy. Simple coadministration of unbound cargo and chaperone allows cointernalization into common endosomes and cytosolic delivery of cargos with hydrodynamic radii ∼2−3 nm or smaller, but larger soluble cargos appear to be excluded from endosomes during NP uptake. We further demonstrated the principle of a two-stage delivery of targeted immunotoxins, where targeted toxin is bound to tumor cells in a first stage, followed by addition of NPs that are endocytosed by tumor cells together with cellbound toxin. Our in vitro experiments suggest this approach could achieve highly synergistic enhancement of antitumor activity (more than 50-fold) over that of each component alone. In vivo, NPs are well-known to accumulate in tumors via the enhanced permeation and retention effect, and tumor cell uptake can be facilitated by endowing the NPs themselves with tumor-targeting ligands. 72−74 Notably, tumor accumulation of 100−150 nm cationic PBAE nanoparticles encapsulating chemotherapeutics has been previously reported. 75 Because the immunotoxins and NPs have low cytotoxicity alone, offtarget uptake of the temporally separated agents in this approach will limit nonspecific toxicity. Such a strategy is of interest for future studies with the targeted gelonin construct. Beyond cancer therapy, the two-stage delivery approach described here may be of broad interest for confining delivery of macromolecular drugs to the cytosol of cells in a defined target tissue. 
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